Diseases and damage to the retina lead to losses in retinal neurons and eventual visual 20 impairment. Although the mammalian retina has no inherent regenerative capabilities, fish have 21 robust regeneration from Müller glia (MG). Recently, we have shown that driving expression of 22 Ascl1 in adult mouse MG stimulates neurogenesis similar to fish regeneration. The regeneration 23 observed in the mouse is limited in the variety of neurons that can be derived from MG; Ascl1-24 expressing MG primarily generate bipolar cells. To better understand the limits of MG-based 25 regeneration in mouse retinas, we used ATAC-and RNA-seq to compare newborn progenitors 26 with MG. Our analysis demonstrated striking similarities between MG and progenitors, with 27 losses in regulatory motifs for neurogenesis genes. Young MG were found to have intermediate 28 expression profiles and accessible DNA, which is mirrored in the ability of Ascl1 to direct 29 bipolar neurogenesis in young MG. When comparing what makes bipolar and photoreceptor 30 cells distinct from glial cells, we find that bipolar-specific accessible regions are more frequently 31 linked to bHLH motifs and Ascl1 binding, indicating that Ascl1 preferentially binds to bipolar 32 regions. Overall, our analysis indicates a loss of neurogenic gene expression and motif 33 accessibility during glial maturation that may prevent efficient reprogramming. 34 35 36 Neuron loss caused by disease and damage to the mammalian retina can lead to 37 permanent vision loss. While some species are readily capable of regenerating lost neurons, 38 mammalian retinas are not regenerative. In the mammalian retina, neuron loss caused by direct 39 damage to the retina leads to reactive gliosis of the Müller glia (MG), similar to that of astrocytes 40 in the brain (Bringmann et al. 2009).
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opposite is true for the NFIx motif: adult MG-specific accessibility profile showed much higher 200 enrichment for NFIx binding motifs within accessible domains than the progenitors ( Figure 2H ). 201 By contrast, homeobox domains not enriched in any of these regions (e.g. Otx2) showed no 202 central enrichment for either progenitor-or MG-specific accessible domains ( Figure 2I ). These 203 motif enrichments further support a role bHLH factors in maintaining the neurogenic potential in 204 progenitor cells, and of NFI transcription factors in regulating MG fate. 205 Since many DNA-binding transcription factors may act in tandem with other 206 transcription factors in a combinatorial manner to regulate gene expression, we analyzed co-207 occurrence between the top predicted binding motifs for progenitor ( Figure 2J ) and adult MG 208 ( Figure S4C ) accessible domains. Through this analysis, we found that Sp1 and E2F domains 209 commonly co-occur in both progenitor-and MG-specific accessible regions. We also found 210 some co-occurrence between Brn1, HoxB4, FoxP1, and Lhx2 motifs, particularly in progenitor-211 specific accessible domains. Overall, co-occurrence analysis does not indicate any particular co-212 regulatory group that might interact with the major motifs that are associated with progenitor 213 (Ascl1) or glial (Nfix) cell fate.
215
Immature MG Expression is Intermediate to Progenitors and Mature MG 216 To better understand the molecular basis for the difference in accessibility between the 217 progenitors and the MG, we carried out RNA-seq on FACS purified progenitors and immature 218 and mature MG ( Figure 3A ). MG were sorted using Rlbp-creER:flox-stop-tdTomato reporter 219 mice, and progenitors were sorted using Sox2-GFP mice as previously described. Differential 220 expression analysis was performed to demonstrate overall differences between progenitors and 221 mature MG. We selected the 1000 most highly expressed genes with logFC >2, which were differentially expressed in MG (Gain of Expression, GOE) or in progenitors (Loss of Expression, 223 LOE) by logCPM (counts per million) values ( Figure 3B ). Genes were clustered via k-means 224 clustering, and GO terms were associated with specific clusters (Figure 3D, Supplementary 225 Tables 4, 5). Genes that showed marked increases over the period from P2 to adult MG had 226 Biological Process terms of Response to Stimulus, and Biological Regulation, while genes that 227 were highly expressed in progenitors, but expressed at much lower levels in MG were associated 228 with GO terms that included Cell Cycle, Nervous System Development and Neurogenesis 229 ( Figure 3D , Supplementary Table 5 ). Thus, the changes in gene expression between progenitors 230 and MG are very similar to the changes in DNA accessibility.
231
We also compared the gene expression in the immature MG at P8 and P11. These 232 immature MG expressed many of the genes that are expressed in the retinal progenitors, albeit at 233 a lower level than the progenitors, but in addition they expressed genes more characteristic of 234 mature MG ( Figure 3D ). The heatmap shows that four of the five clusters of "MG-specific" 235 genes had the greatest increase between P2 and P8. Genes that lost expression most rapidly, in Accessibility]) using gene annotations by GREAT to neighboring genes, yielding a percent of 247 total genes for GOE and LOE categories for each accessibility profile ( Figure 3C , Supplementary 248 Table 6 ). The best correlation between changes in gene expression and changes in accessibility 249 was found in the adult MG: GOA regions are primarily associated with genes that increased in 250 expression ( Figure 3C , right hand bars). This correlation was not as clear in the other categories.
251
Accessible chromatin regions that were shared between progenitors and MG were associated 252 with genes that showed a small reduction in expression between progenitors and MG. However, 253 accessible chromatin regions that were specific to progenitors were not necessarily associated 254 with genes that were more highly expressed in progenitors than MG. Despite the lack of good 255 correlation between accessibility and gene expression on a global level, analysis of specific 256 genes and sets of genes are informative. For example, the regions of lost expression and 257 accessibility (LOE/LOA) are best associated with Neurogenic GO categories, and this trend is 258 continued in comparisons from P8 to Adult MG LOE/LOA ( Supplementary Table 7 ).
259
By overlapping the ATAC-seq data with the gene expression results, we were able to 260 better define some of the differences in transcription factor expression and putative binding at 261 gene-associated regions that might be regulating the difference in neurogenic competence 262 between these two cell types. For example, LOE/LOA regions were enriched for binding motifs 263 for proneural bHLH factors, whereas those genes that gain accessibility and expression 264 (GOE/GOA) were enriched for binding motifs for NFI and ROR ( Figure 3E ). These results are in 265 line with those obtained from the analysis of the ATAC seq results (described above), indicating 266 that the binding motifs that differed between these cells were associated with and may regulate 267 those genes that similarly changed in expression. Transcription factors that bind to these motifs were also found to change expression in accordance with changes in motif accessibility ( Figure   269 3F,G). Interestingly, those putative cis-regulatory elements that were accessible in both MG and 270 progenitors, but that lost expression in mature MG (LOE/SA) are associated primarily with genes 271 for cell cycle. These regions were enriched for the binding motif for the cell-cycle regulator E2F 272 transcription factor ( Figure 3D ,E). This suggests that the differences between progenitor cells 22.7% were bipolar cells, and the remaining cells were MG ( Figure 4A ,C). These are similar to 290 the ratios found when these cells that are birth-dated at this age in mice (Young 1985) . By P4, the percentage of GFP+ neurons was significantly reduced with only 2.72% of cells having a 292 bipolar cell fate, while the remainder throughout the retina were MG. At the far retinal periphery 293 however, some retinal progenitor cells were still present at P4 and so some rods and bipolar cells 294 were observed in this area ( Figure S4 ). In mice older than P4, 100% of GFP+ cells were MG.
295
From P8 and on, 100% of GFP+ cells were MG. These results are consistent with previous 296 reports that neurogenesis in the retina ends after P4, with the exception of some neurogenesis at 297 the periphery.
298
To determine whether immature MG can be reprogrammed to a neurogenic state with 299 Ascl1 alone, we drove expression of Ascl1 at the same ages that we had used to trace WT cells. 300 We used a previously described system for driving Ascl1 in MG: Glast-CreER;Flox-stop-LNL- however, over-expression of Ascl1 in immature MG has a dramatic effect on the cells: 75% and 306 65% of GFP+ cells, respectively, are now bipolar neurons, with few-if any-photoreceptor that are unique to bipolar cells and not shared with progenitor cells or MG show strong central 338 enrichment for the Otx2 binding motif; however, regions shared among these cell types did not 339 have this signature. Thus, the ability of Ascl1 to promote the bipolar fate is not due to MG 340 having an epigenome that is more similar to bipolar cells than rod photoreceptor cells.
341
Overall motif enrichment in rod and bipolar neurons was additionally quite similar. Rod-342 specific regions-when comparing to either MG or progenitors-were enriched for homeobox, 343 and CTCF domains, though in comparison to progenitors, rod photoreceptor cells may have an 344 additional enrichment for bHLH binding motifs ( Figure 5F , Table S2 ). Shared accessible regions 345 in both comparisons showed enrichment for CTCF, Klf, and ETS binding motifs. Bipolar cell 346 accessible regions that were shared with both progenitor cells and MG also showed enrichment 347 for these TF binding motifs. Interestingly, in both comparisons, bipolar cell-specific accessibility 348 demonstrated enrichment not only for homeobox domains, but also for proneural bHLH domains 349 ( Figure 5G ). The presence of bHLH accessibility in bipolar cells may underlie the fact that MG which is also found in shared accessible regions, though to a lesser extent ( Figure S6 ).
Because the role of Ascl1 appears to be a key difference between bipolar cell and rod 361 photoreceptor cells, we took a closer look at its binding in accessible and inaccessible domains. that study, we find that those regions of the DNA that are inaccessible in MG or progenitors, but 365 bind Ascl1 when over-expressed (pioneered sites) had on average 4.7 E-boxes per peak, while 366 other Ascl1-bound sites in MG have fewer than 2 E-boxes on average ( Figure S7 ). We 367 additionally assayed E-box number in Rod and Bipolar accessible domains, but found no 368 difference in average number of E-boxes per peak (DNS).
369
In addition to this predictive analysis, we compared accessibility domains using Ascl1 
398
Accessible regions that were enriched in the retinal progenitors were specifically 399 associated with developmental and neurogenic genes. This was reinforced by expression 400 analysis, demonstrating that progenitor-specific genes, enriched in GO categories associated with 401 early development and neurogenesis, showed more than 2 logFC compared with MG. Many 402 regions of accessibility that were reduced or lost as the MG mature were associated with these same genes that lost expression during postnatal development, reinforcing that accessibility and MG. This suggests that the loss of proliferative capacity in maturing MG may not be limited 444 by epigenetic accessibility. 445 Our results showed that the immature (P8) MG have an epigenome intermediate between 446 the progenitors and adult MG. Since efficient reprogramming of mature MG requires a 447 combination of Ascl1 and HDAC inhibition, we postulated that the P8 MG might be more 448 efficiently reprogrammed to a neuronal fate with Ascl1 alone. We found that induction of Ascl1 alone in immature MG was indeed capable of inducing a neuronal/bipolar cell fate, consistent 450 with our hypothesis that epigenomic changes in accessibility limit mature MG from regeneration.
451
Interestingly, the P8 MG already appeared to be fate restricted with respect to the types of 452 neurons produced from Ascl1 over-expression, with two distinct transition periods. In newborn 
